low-density amorphous ice (LDA) by warming up at ambient pressure. Ice crystal in avacuum can be amorphized by the irradiation with high-energy electron beam [15] or 49 approximately 2.0 K/min, controlled manually. TEM images could not be recorded 81 during the sublimation of CO because the pressure was higher than 10 -4 Pa. The 82 increases [8, 9] . We speculate that the space scales of porous structures are different 113 between ASW (nanometer scale) and MS-HDA (micrometer scale), and the 114 magnification in the present observation by TEM is too low to explicitly observe the 115 porous structures of ASW. These results confirm that the formation of the highly porous 116 MSI observed in the present study is not due to electron beam irradiation during TEM 117 but due to intrinsic phenomena. This is further confirmed by IR measurements, in which 118 a destructive beam is not applied, as discussed later. 119
As described below, we have confirmed that the structure of our MSI is that of an 120 HDA ice, and have therefore termed it matrix-sublimated high-density amorphous 121 (MS-HDA) ice. Figure 6 shows the temperature dependence of the d-spacing in the 122 main halo for vapor-deposited ASW and MS-HDA ice. In ASW, the d-spaces of the 123 main peak increase with temperature, as observed by Jenniskens and Blake [6] . They 124 assigned the lower and higher temperature forms as high-density ASW (HD-ASW) and 125 low-density ASW (LD-ASW), respectively. Conversely, the d-spacing in the MS-HDA 126 ice does not change with temperature, and remains constant at ca. Figure 8 and Supplementary Fig. 1 Although we cannot precisely clarify the formation mechanism of MS-HDA ice, the 166 following rationales are presented: The Laplace pressure of a 1.0 nm radius fine particle 167 of MS-HDA ice is 0.14 GPa if we assume that its surface tension 70 mN/m. This 168 pressure is similar to the lowest pressures at which HDA ice is formed. Thus, water 169
aggregates of a few nanometres in diameter may be formed with high internal density. 170
Another possibility is that the stress in the crystalline α-CO matrix plays an important 171 role, as is acknowledged for thin films [32] . The stress in the solid could force the water 172 molecules to be segregated into high-density pores. 173
The matrix sublimation method developed in the present study is a novel means of 174 forming amorphous ice and supplements previously known methods. In vaporbecomes higher owing to the heat of condensation [33] and solidification, respectively, 177 which can sometimes lead to the crystallisation. Conversely, in the matrix sublimation 178 method, the sample surface is cooled owing to the sublimation heat of the matrix. In the 179 high-pressure compression of ice crystals, transformation to amorphous ice is limited at 180 temperatures higher than 77 K, and in irradiation methods, decomposition of water 181 molecules is unavoidable. However, in the matrix sublimation method, no 182 decomposition of water molecules occurs, and there is no temperature limit if we 183 choose a suitable matrix species. 184
It may be possible to easily make other amorphous and crystalline ices that usually 185 require a wide pressure range using modifications of the present matrix sublimation 186 method with, for example, various ratios of matrix to water, various types of matrix (i.e. 187 those formed at different sublimation temperatures or with different polarity materials), 188
and various matrix sublimation rates. To explore the effect of the matrix to water ratio, 189
we performed experiments using ices formed at CO: The most prominent feature of the matrix sublimation method is that high-pressure 199 phases are formed very easily in a vacuum, whereas highly energetic processes such as 200 ionization or high-temperature heating are required for other low-pressure syntheses, 201 such as those of diamond or cubic boron nitride. Furthermore, this method may be 202 applied to prepare other crystalline and amorphous solids. In fact, any laboratory that 203 currently performs matrix isolation spectroscopy could also perform matrix sublimation 204 preparation, as the apparatus needed for these techniques is essentially the same. 205
Consequently, rapid progress in research into the formation of new materials is now 206 possible. 207
Astrophysical implications 209 210
This study also has astrophysical implications, as CO-rich ices have been observed 211 in icy grains within interstellar molecular clouds [34] . These grains consist of a silicate 212 core, an inner mantle of organic refractory material, H 2 O-rich amorphous ice, and a 213 CO-rich outer mantle [35] . When CO sublimes due to the slight temperature increase 214 during the formation of protoplanetary disks, highly porous MS-HDA ice is formed. 215
The high porosity of icy grains could have a significant effect on the aggregation of 216 interstellar grains and the physical properties of planetesimals. Therefore, the thermal 217 conductivity of cometary nuclei might be smaller than has been thitherto thought [33] . 
